Previous studies have shown that moderate doses of radiation can lead to increased fracture toughness in ceramics. An experimental investigation was conducted to determine the effects of ion implantation on fracture toughness in silicon. Specimens implanted with Ne showed increased fracture toughness, over the entire range of implantations tested. Using ions of various energies to better distribute implantation damage further increased the fracture toughness even though the region of amorphous damage was slightly decreased. The implantation damage accumulated in a predictable manner so that fracture toughness could be optimized. PACS: 46.50 +a, 62.20 Mk, 61.80 Jh, 61.82 Fk 
Introduction
The effect of radiation on the fracture toughness of many materials has been investigated in numerous studies [e.g. [1] [2] [3] [4] . The primary goal of most studies has been to determine the effect of a particular radiation environment on a candidate material. While the fracture toughness of most materials degrades with irradiation, an initial increase in fracture toughness (up to a 100% increase) has been observed experimentally in some ceramics, most noticeably in neutron irradiated Mg-Al spinel and alumina specimens [1] . Only a limited number of studies on of the effect of ion implantation have been conducted. Bolse et al. [2] found that implanting silicon ions in silicon nitride caused an initial modest increase in fracture toughness followed by a decrease in toughness at higher doses.
The current investigation was motivated by observations in hydrogen implanted silicon [5] . In that study, the location of microcracks in the implanted region was found to shift depending on the implanted dose. The implication is that implantation damage increased the fracture toughness of the implanted silicon, suppressing fracture in the center of the implanted region. This study experimentally measures the fracture toughness of Ne implanted silicon specimens in order to determine the relation between dose and fracture toughness. Furthermore, the effect of distributing implantation damage is investigated by using various ion energies that penetrate to different depths.
Experimental Methods
Specimens were cut from a single boron doped (100) silicon wafer, which had a resistivity less than 0.02 Ωcm. Two series of implantations were conducted on the specimens. Indentation fracture experiments were conducted on the implanted silicon specimens.
Indentations were made to maximum loads of 1.0, 1.5 and 2.0 N using a Vickers tip. This load range typically produced radial cracks with radii (c) greater than 3 times the indent with minimal collateral damage to the specimen. The indents were spaced a minimum of 10c apart. The specimens were oriented so that fracture occurred primarily on (110) planes. A minimum of 20 tests were conducted for each specimen. Crack lengths were measured using an optical microscope and CCD camera, which gave a resolution of 0.46 µm.
The critical stress intensity factor (K r ) was determined by using the formula derived by Lawn et al. [6] :
where α is a constant, E is the elastic modulus, H is the hardness, and P is the applied load. For a number of brittle materials, including silicon, Anstis et al. [7] found that α = 0.016 gave the best agreement with experimental results. This result has been verified by several investigations [e.g. 8, 9] . The fracture toughness (G IC ) can be related to K r as:
Results and Discussion
In order to compare the damage produced by the two implantation series, the damage profiles produced from Ne implantation were calculated using SRIM [10] . The Si proton stopping coefficients that were used in the SRIM calculations were chosen to match experimental data. For 300 keV Ne ions, the predicted damage shows a peak at approximately 5000 Ǻ, as shown in Fig. 1 . For combined doses of 100, 200 and 300 keV Ne ions, the SRIM predictions show a damage peak at approximately 1800 Ǻ, but overall, the damage is distributed more evenly than for the 300 keV ions alone.
The damage produced in the implanted specimens was analyzed using RBS. The channeling data for 300 keV Ne implanted specimens are shown in Fig. 2 . Damage is seen to increase monotonically with dose. For a dose of 5x10 15 ions/cm 2 , a region of damage that appears to be amorphous is produced beginning at a depth of approximately 3000 Ǻ and extending to a depth of 7800 Ǻ. For the maximum dose (2x10 16 ions/cm 2 ), the damaged region extends from the surface to a depth of 7800 Ǻ. Depths were calculated using RUMP simulations [11] . Increasing the total dose to 1.5x10 16 ions/cm 2 , extends the damaged region to a depth of 7700 Ǻ.
Indentation fracture experiments were conducted on each implanted specimen and, for comparison, an unimplanted specimen. Eq. (1) predicts that, for constant material properties, the crack length to the 3/2 power should increase linearly with the applied load. Plotting P versus c 3/2 and using a least squares regression fit to the data provides a more accurate measure of K r than 5 using a single load level. Additionally, the least squares curve fits to Eq. (1) gave a regression coefficient, r, greater that 0.98 for all specimens, which implies that the measured fracture toughness was not dependent on the crack length in the range tested (12 < c < 30 µm).
The fracture toughness of the unimplanted specimen was determined to be 3.7 J/m 2 , in agreement with previous results for (110) fracture in Si [7] [8] [9] . In Fig. 4 , the fracture toughness results are plotted as a function of the integrated average damage predicted using SRIM. For specimens implanted only with 300 keV ions, the fracture toughness increased with increasing
damage over the entire range tested. However the fracture toughness increased only 5 % when the dose increased from 5x10 15 ions/cm 2 to 2x10 16 ions/cm 2 , while the size of the damage region increased 62 %.
The data suggests that if the implantation damage were distributed more evenly, fracture toughness could be further increased. As shown in Fig. 4 , the fracture toughness results for specimens implanted with three different energies of ions demonstrates that distributing the damage increased fracture toughness compared to the specimens implanted with a single ion energy in all cases. Although the specimen implanted with a dose of 2x10 15 ions/cm 2 for each of the three ion energies had a smaller amorphous region and lower DPA than some specimens implanted with only 300 keV ions, it had the maximum measured fracture toughness (6.2 J/m 2 ).
The indentation fracture method used here produced cracks that penetrated much deeper (12-30 µm) than the implanted regions (< 1 µm). Therefore, the measured fracture toughness does not represent the toughness of the implanted region itself, but rather, gives a weighted average (weighted in favor of the surface region where crack lengths are measured) of the implanted region and the pristine silicon beneath it. The weighting factor has not yet been 6 determined. The fracture toughness of the implanted region itself may be significantly higher than the measured values shown in Fig. 4 .
Conclusions
Boron doped silicon specimens were implanted with Ne ions and the specimen fracture toughness was measured experimentally. Over the range of implantations tested, implanted specimens all showed an increase in fracture toughness compared to unimplanted silicon. Using ions of various energies to distribute the implantation damage further increased the specimen fracture toughness (compared to specimens implanted with a single energy) despite a reduction in the size and DPA of the implanted region. 
